Azimuthal asymmetries in exclusive electroproduction of a real photon from an unpolarized deuterium target are measured with respect to beam helicity and charge. They appear in the distribution of these photons in the azimuthal angle φ around the virtual-photon direction, relative to the lepton scattering plane. The extracted asymmetries are attributed to either the deeply virtual Compton scattering process or its interference with the Bethe-Heitler process. They are compared with earlier results on the proton target. In the measured kinematic region, the beam-charge asymmetry amplitudes and the leading amplitudes of the beam-helicity asymmetries on an unpolarized deuteron target are compatible with the results from unpolarized protons.
Introduction
Lepton-nucleon scattering experiments have long been an important tool in the detailed study of nucleon structure [1] . Two complementary approaches have contributed the most to our understanding of the nucleon. Elastic lepton-nucleon scattering has been exploited to extract nucleon form factors, which reveal how the electromagnetic nucleon structure differs from that of a point-like spin-1/2 particle. In another approach, Parton Distribution Functions (PDFs) are extracted from Deeply Inelastic Scattering (DIS). They represent distributions in the longitudinal momentum fraction carried by quarks and gluons in a nucleon moving with "infinite" momentum. PDFs and form factors present only one-dimensional pictures of nucleon structure. In recent years, a more comprehensive multi-dimensional description of the nucleon has emerged in the framework of Generalized Parton Distributions (GPDs) [2, 3, 4] . Their dependence on three kinematic Fig. 2 . Definition of the azimuthal angle φ between the lepton scattering and photon production planes. Note that the azimuthal angle defined in this work differs from that used in Ref. [15] : φ = π − φ [15] .
quantities in addition to their evolution with the hard scale of the process carries information on two-parton correlations and quark transverse spatial distributions [5, 6, 7, 8, 9, 10] . GPDs embody PDFs as limiting cases, while elastic form factors appear as certain GPD moments. Other moments are connected with the total parton angular momentum contribution to the nucleon spin via the Ji relation [4] .
GPDs can be constrained by measurements of hard exclusive leptoproduction of a photon or meson in 'elastic' processes that leave the target intact. In Deeply Virtual Compton Scattering (DVCS), a quark absorbs a hard virtual photon, emits an energetic real photon and joins the target remnant (see Fig. 1 (a) ). DVCS is presently the only experimentally feasible hard exclusive process for which the effects of next-to-leading order [11, 12, 13] and next-to-leading twist [14, 15, 16] are under complete theoretical control [17] .
The final state of the DVCS process cannot be experimentally distinguished from that of the Bethe-Heitler (BH) process, i.e., radiative elastic scattering (see Fig. 1 (b) ). Hence, the two processes can interfere. Exclusive leptoproduction on a nucleon or nuclear target A of a real photon with four-momentum q ′ is denoted by
where k (k ′ ) and p (p ′ ) are the four-momenta of the incoming (outgoing) lepton and target, respectively. Averaged over the kinematic acceptance of the HERMES experiment, the BH cross section is much larger than that of the DVCS process. However, the BH cross section has a much weaker Q 2 dependence than the evolution of the DVCS cross section [4] , so that in the HERMES energy range they can become comparable near Q 2 = 1 GeV 2 , with −Q 2 ≡ q 2 = (k − k ′ ) 2 . Even in kinematic conditions where the DVCS process makes only a small contribution to the photon production cross section, its interference with the BH process provides access to the DVCS amplitudes through measurements of cross section asymmetries with respect to the charge and helicity of the incident lepton and the polarization of the target. These asymmetries appear in the distribution of the real photons in the azimuthal angle φ, defined as the angle between the lepton scattering plane, i.e., the plane defined by the incoming and outgoing lepton direction and the photon production plane spanned by the virtual and real photons (see Fig. 2 ). Significant azimuthal beam-helicity asymmetries in hard electroproduction of photons on the proton were first reported in Refs. [18, 19] . Later, asymmetries with respect to longitudinal [20, 21] and transverse [22] target polarization, as well as beam charge [23] and, with greater precision, beam helicity [24, 25, 26, 27] , were also measured on the proton.
Measurements of azimuthal asymmetries for DVCS on nuclear targets [28] were advocated as a useful source of information about partonic behavior in nuclei and nuclear binding forces [29] . If the target nucleus remains in its ground state the process is called coherent, while it is called incoherent if the nucleus is broken up. The deuteron is a spin-1 nucleus, with implications for DVCS observables for the coherent reactions, which contribute mainly at very small values of the momentum transfer to the target. The asymmetries from the incoherent process involve mainly hard exclusive electroproduction of a photon on the proton. The neutron contribution to the yield is typically small due to the suppression of the BH amplitude on the neutron by the small elastic electric form factor at low and moderate values of the momentum transfer to the target. This paper reports the first observation of azimuthal asymmetries with respect to beam helicity and charge for exclusive electroproduction of a real photon from an unpolarized deuterium target (e ± d → e ± γ X). The dependence of these asymmetries on the kinematic conditions of the reaction is also presented and certain asymmetry amplitudes are compared with the corresponding amplitudes obtained on an unpolarized hydrogen target (e ± p → e ± γ X) at HERMES [27] .
GPDs and DVCS

Generalized Parton Distributions
In the generalized Bjorken limit of large Q 2 at fixed values of the Bjorken scaling variable x B = Q 2 /(2p · q) and small squared four-momentum transfer t = (p − p ′ ) 2 to the target, the DVCS process can be described by the leading (handbag) diagrams in Fig. 1(a) . Here, the process factorizes [3, 12, 30] into a hard photon-quark scattering part calculable in quantum electrodynamics, and a soft part describing the nucleon structure, which can be expressed in terms of GPDs [2, 3, 4] .
Like PDFs, GPDs depend on x and on the factorization scale Q 2 . In addition, GPDs depend on a skewness variable ξ and the Mandelstam variable t. The skewness ξ represents half the difference in the longitudinal momentum fractions of the quark before and after the scattering, while x is their mean value (following the convention of Ref. [4] ). In leading order, ξ is directly accessible as it is related to the Bjorken scaling variable x B by ξ ≃ x B /(2 − x B ). In contrast, x is not directly accessible in DVCS, and some observables appear as x-convolutions of GPDs. Hence x plays a role different from that of x B in inclusive DIS. GPDs evolve logarithmically with Q 2 in analogy with PDFs [2, 3, 4, 31] . This dependence on Q 2 is omitted for simplicity in the following. DVCS on spin-1/2 targets, such as nucleons, is described by four leading-twist quarkchirality conserving GPDs for each quark flavour q (and also for the gluon g), namely the GPDs H q , E q , H q and E q [15] . The GPDs H q and E q are quark-helicity averaged whereas H q and E q are quark-helicity dependent. The GPDs H q and H q conserve nucleon-helicity while E q and E q are associated with a helicity flip of the nucleon. In contrast, the coherent process on spin-1 nuclei, such as the deuteron, requires nine GPDs [32] 
and H q 4 -to describe all DVCS observables. In the forward limit of vanishing momentum difference between the initial and final hadronic state (t → 0 and ξ → 0), the GPD H q (x, 0, 0) reduces to f q 1 (x), the quark number density distribution, and H q (x, 0, 0) reduces to g q 1 (x), the quark helicity distribution. Similarly, for spin-1 targets the GPDs H 1 , H 1 and H 5 reduce to the following parton densities in the forward limit:
where
represents the number density of a {anti} quark with momentum fraction {x < 0} x > 0 and positive [negative] helicity in a rapidly moving deuteron target with longitudinal spin projection Λ. The 'unpolarized' (polarization averaged) quark densities q Λ are defined as q
While the probabilistic interpretation of polarization-averaged and polarization-difference structure functions f 1 (x) and g 1 (x) in terms of quark densities is similar to that in the spin-1/2 case, the tensor structure function b 1 (x) does not exist for spin-1/2 targets. It has been measured in DIS on a polarized spin-1 target [33] . Both H 3 and H 5 are associated with the 5% D-wave component of the deuteron wave function in terms of nucleons [34] . H 3 is related to isoscalar currents and probes the binding forces in the deuteron, and H 5 involves a tensor term [32, 35] , the analog of which has no relationship to any local current due to Lorentz invariance.
Deeply virtual Compton scattering amplitudes
For a target of atomic mass number A, the cross section for the hard exclusive leptoproduction of real photons is given by [35, 36] 
is the nuclear Bjorken x B , where M A is the target mass and ν ≡ p · q/M A , ε ≡ 2x A M A / Q 2 , and |T | is the total reaction amplitude.
As the final states of the DVCS and BH processes are indistinguishable, the cross section contains the square of the coherent sum of their amplitudes:
Here, I denotes the BH-DVCS interference term. The BH amplitude is calculable to leading order in Quantum Electrodynamics (QED) using nuclear form factors measured in elastic scattering. The interference term I in Eq. 6 provides separate experimental access to the real and imaginary parts of the DVCS amplitude through measurements of various cross-section asymmetries as functions of the azimuthal angle φ [36] . Each of the three terms of Eq. 6 can be written as a Fourier series in φ [15] , which in the case of an unpolarized target reads
Here, K BH , K DVCS , and K I are kinematic factors, e ℓ denotes the lepton beam charge in units of the elementary charge, and λ the helicity of the longitudinally polarized lepton beam. The squared BH and interference terms have an additional cos φ dependence in the denominator due to the lepton propagators P 1 (φ) and P 2 (φ) in the BH process [15, 36] . The Fourier coefficients c I n and s I n in Eq. 9 can be expressed as linear combinations of Compton Form Factors F (ξ, t) (CFFs) [35] , which in turn are convolutions of the corresponding GPDs F q (x, ξ, t) with the hard scattering coefficient functions C ∓ q [11, 12, 13] :
where the −{+} sign applies to
in the case of a spin-1 target. The real and imaginary parts of the CFFs have different relationships to the flavor sum over the respective quark GPDs. To leading order in α s ,
Hence measurements of cross-section asymmetries with respect to the beam helicity directly determine combinations of GPDs along the lines x = ±ξ. In contrast, the real parts of the CFFs involve the full interval in x and constrain the x dependence of GPDs through convolutions:
to leading order in α s . Here, P denotes Cauchy's principal value. Since the x dependence of GPDs is thereby only weakly constrained, experimental asymmetries in beam charge must be compared to the predictions of various GPD models. At leading twist (twist-2), the coefficients c [37, 38] , which contributes only in the 'ERBL' region −ξ < x < ξ where quark GPDs have the characteristics of distribution amplitudes for the creation of a quark-antiquark pair. It does not contribute in the complementary 'DGLAP' region |x| > ξ, where quark GPDs describe the emission and reabsorption of an (anti-)quark in the infinite momentum frame, thereby having properties analogous to the familiar (anti-)quark distribution functions. The D-term provides a convenient means of representing this profound difference in GPD properties between the two regions, while, e.g., the absorption of this contribution into the double distributions [2, 3] would require the introduction of terms with unnatural divergence, having a severity beyond representation by delta functions or their derivatives. In addition to c 
Azimuthal cross section asymmetries
The beam-helicity asymmetries for a longitudinally (L) polarized lepton beam and an unpolarized (U) target, based on the difference and sum of yields for the two beam charges, respectively, are defined as
where → (←) denotes positive (negative) beam helicity and the superscript + (−) corresponds to positron (electron) beam. These definitions serve to separate the sin(nφ) terms in Eqs. 8 and 9. Similarly, the beam-charge asymmetry (BCA) for an unpolarized beam scattering from this target is defined as
.
In terms of the Fourier coefficients of Eqs. 7-9 these equations read as
At leading twist (twist-2, twist-3, and twist-2, respectively in the preceding three equations), and neglecting gluonic terms, they reduce to
To the extent that the DVCS contributions to the common denominator can be neglected at HERMES kinematics, the lepton propagators P 1 (φ) and P 2 (φ) cancel in Eqs. 16, 18, 19 , and 21. However, this approximation is not invoked in the following because it would be subject to substantial model uncertainty.
From Compton form factors to asymmetries
Measured asymmetries are used to constrain GPD models by direct comparison of the data with model predictions. However, it is instructive to consider certain approximations relating CFFs and thereby GPDs to observed asymmetries. (These approximations are not needed in the comparison of GPD model predictions with measured asymmetries.)
For an unpolarized nucleon target, the photon-helicity-conserving amplitude M 1,1 is given at leading twist by a linear combination of the CFFs H, H and E, together with the Dirac and Pauli form factors F 1 and F 2 [15] :
where x N is the Bjorken variable for the nucleon and M N is the nucleon mass. At small values of x N and −t, M 1,1 ≃ F 1 H for the proton. For the neutron, the term containing the CFF E in Eq. 22 becomes substantial at large −t due to the relative magnitudes of the form factors F 1 and F 2 for the neutron. The leading Fourier coefficients of the interference term can be approximated as s 
For the coherent process on the deuteron, the relationship between the Fourier coefficients and the GPDs is complicated. However, the coefficients can be expanded in powers of x D , the Bjorken variable for the deuteron target, and τ = t/(4M 2 D ), where M D is the deuteron mass [35] . Then, to leading order in α s and 1/Q, A I LU (φ) can be expressed in terms of the imaginary part of the deuteron CFFs H 1 , H 3 and H 5 and the deuteron elastic form factors [43] G 1 and G 3 (see Fig. 3 ). The quantity |τ | is typically about 0.003 in the range of small −t where the coherent process is significant, extending up to values of τ only as large as 0.01. However, as shown in Fig. 3 , the magnitude of G 3 exceeds that of G 1 by more than one order of magnitude. Hence certain terms leading in τ (but not x D ) are retained. Defining
the kinematic expansion yields
where y ≡ p · q/(p · k). [43] , and the relative contributions to the denominator of, e.g., Eq. 25 of certain terms involving G 3 that are not leading in τ .
The relative contributions of those terms are also shown in Fig. 3 ; they are less than 10% at −t < 0.03 GeV 2 . When these terms are neglected, Eq. 26 becomes
The deuteron A C (φ) is related to the real part of the same linear combination of CFFs appearing in the deuteron A I LU (φ):
For the coherent process on the deuteron, the leading term in the expansion of coefficients s I 1 and c I 1 lead respectively to Eqs. 27 and 29 which are analogous to Eqs. 23 and 24 for scattering on the nucleon. Table 1 The beam charge and polarization as well as the integrated luminosity in pb −1 of the data sets used for the extraction of the various asymmetries on the unpolarized deuterium target.
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The HERMES experiment
A detailed description of the HERMES experiment can be found in Ref. [44] . A longitudinally polarized positron or electron beam of 27.6 GeV energy was scattered from an unpolarized deuterium gas target internal to the HERA lepton storage ring at DESY. The lepton beam was transversely polarized via the asymmetry in the emission of synchrotron radiation (Sokolov-Ternov effect) [45] in the arcs of the HERA storage ring. The transverse beam polarization was transformed locally into longitudinal polarization by a pair of spin rotators located before and after the experiment [46] . The helicity of the beam was typically reversed approximately every two months.
The beam polarization was continuously monitored by two Compton backscattering polarimeters [47, 48] . The average values of the beam polarization for various running periods are given in Table 1 ; the average fractional systematic uncertainty was 2.4%. The scattered leptons and produced particles were detected in the polar angle range 0.04 rad < θ < 0.22 rad. The lepton trigger required a coincidence of signals from scintillator hodoscope planes and the local deposition of a minimum energy of 3.5 GeV in the electromagnetic calorimeter. Lepton identification was accomplished using the transition-radiation detector, the preshower scintillator counter, and the electromagnetic calorimeter. The average lepton identification efficiency was at least 98% with hadron contamination that was less than 1%. Photons were identified by the detection of energy deposited in the calorimeter and preshower counter with no associated charged-particle track.
Event selection and yield distributions
The data sets used in the extraction of the various asymmetries reported here are given in Table 1 . In this analysis, it was required that events contained exactly one chargedparticle track consistent with being the scattered beam lepton, and a single cluster in the calorimeter with an energy deposit E γ > 5.0 GeV and with no associated charged track. The following requirements were imposed on the event kinematics: 1 GeV 
, and ν ≡ p · q/M N . The nucleonic (proton) mass M N was used in all kinematic constraints on event selection even at small values of −t, where coherent reactions on the deuteron are dominant, because the experiment did not distinguish between coherent and incoherent scattering and the latter dominates over most of the kinematic range. Monte Carlo studies have shown that this choice has little effect on the extracted asymmetries [49] . In order to reduce background from the decay of neutral mesons, the angle between the laboratory 3-momenta of the real and virtual photons was limited to θ γ * γ < 45 mrad. The minimum angle requirement θ γ * γ > 5 mrad was chosen according to Monte Carlo studies to be compatible with the effects of instrumental resolution in determination of φ.
'Exclusive' single-photon events were selected by requiring the squared missing mass M as associated production). The DVCS simulation for incoherent reactions on the proton is based on Ref. [50] , while that for coherent reactions on the deuteron is based on the model from Ref. [35] . Most of the background in the vicinity of the exclusive peak comes from the decay of neutral pions. The dominant source of neutral pions is semi-inclusive DIS, γ * N → π 0 X → γγX, which is simulated using the Lepto event generator [51] with a set of Jetset [52] fragmentation parameters tuned for HERMES kinematic conditions [53] . In this simulation, the photon originates mainly from decay of π 0 s from DIS fragmentation. Incoherent exclusive π 0 production, γ * N → π 0 N , was simulated using an exclusive Monte Carlo event generator based on the GPD models of Ref. [54] and was found to be negligible [49, 55] . HERMES data support this estimate [56] . The Monte Carlo yield exceeds the data by approximately 2% in the exclusive region. This may be due to the contribution of the DVCS process in the simulation of both coherent and incoherent processes, which is highly model-dependent and can vary between 10% and 25% [55] for the incoherent processes. On the other hand, radiative effects not included in the simulation would move events from the peak to the continuum [57] .
Events were selected in the 'exclusive region', defined as −(1.5)
2 GeV 2 to minimize background from DIS fragmentation while maintaining reasonable efficiency [58] .
As the recoiling target nucleon or nucleus was undetected, the Mandelstam variable t must be reconstructed from the measured kinematics of the scattered lepton and the detected photon. The resolution in the photon energy from the calorimeter is inadequate for a precise determination of t. Hence for events selected in the exclusive region in M 2 X , the final state is assumed to be exclusive, leaving the target intact, thereby allowing t to be reconstructed with improved resolution using only the photon direction and the lepton kinematics [23] :
The further restriction −t < 0.7 GeV 2 is imposed in the selection of exclusive events in order to reduce background from the decay of neutral mesons.
The t distribution of events for the deuterium target is shown in Fig. 5 and compared with the Monte Carlo simulations discussed above. The simulated contributions of coherent and incoherent processes on the deuteron are also shown separately. Coherent scattering on the deuteron occurs preferentially at small values of −t. The Monte Carlo simulation shows that requiring −t < 0.06 GeV 2 enhances the mean fractional contribution of the coherent process from 20% to 40% in the HERMES spectrometer acceptance. Requiring −t < 0.01 GeV 2 can further enhance the coherent contribution to 66%, but only at the cost of a rapidly decreasing yield. In Sections 6.1 and 6.2, the first two −t bins covering the range 0.00 − 0.06 GeV 2 will provide a measure of coherent effects; in Section 6.3, an attempt is made to isolate the coherent contribution.
Analysis of the data
Extraction of azimuthal asymmetry amplitudes
The distribution of the expectation value of the yield for scattering a polarized lepton beam from an unpolarized deuterium target is given by
Here, L denotes the integrated luminosity, P ℓ the longitudinal beam polarization, η the detection efficiency, and σ UU (φ) the cross section for an unpolarized target averaged over both beam charges and both beam helicities, which can be expressed as
The asymmetries A I LU (φ), A DVCS LU (φ), and A C (φ) are related to the Fourier coefficients appearing in Eqs. 7-9, as illustrated by Eqs. [16] [17] [18] . In analogy to the expansion of the cross section in Eq. 7-9, these asymmetries are also expanded in terms of the same harmonics in φ:
where the approximation is due to the truncation of the in general infinite Fourier series caused by the azimuthal dependences in the denominators of Eqs. 16-18. For each kinematic bin in −t, x B , or Q 2 , the sets of azimuthal asymmetry amplitudes A , hereafter called 'asymmetry amplitudes', are simultaneously extracted from the observed exclusive sample using the method of maximum likelihood (described in detail in Ref. [22] ). Although these asymmetry amplitudes differ somewhat from the coefficients given in Eqs. 7-9 and Eqs. 16-18, they are well defined and can be computed in various GPD models for direct comparison with the data. Note that in Eqs. 33 and 34, an additional constant term (n = 0) was introduced as a consistency test. These terms must vanish as they are parity violating. Removing these constant terms or also introducing additional harmonic terms in the fitting procedure do not influence results for other asymmetry amplitudes [59] .
Background corrections and systematic uncertainties
In each kinematic bin, the results from the maximum likelihood fit are corrected for photon background arising from semi-inclusive production of neutral mesons, mainly pions. A corrected asymmetry amplitude is obtained as
Here, A raw stands for the extracted raw asymmetry amplitude, and f semi and A semi the fractional contribution and corresponding asymmetry amplitude of the semi-inclusive background. This fraction is obtained from a Monte Carlo simulation (see Section 4) and ranges from 1% to 11%, depending on the kinematic conditions. As the semi-inclusive process is only very weakly beam-charge dependent, its asymmetry with respect to the beam charge or to the product of the beam charge and the beam polarization is assumed to be zero. The asymmetry of the semi-inclusive π 0 background with respect to only the longitudinal beam polarization is extracted from experimental data by requiring two photons to be detected in the calorimeter with an invariant mass between 0.10 GeV and 0.17 GeV and with no associated charged tracks. The restriction on the energy deposition in the calorimeter of the less energetic cluster is relaxed to 1 GeV to improve the statistical precision. The fractional energy z = E π /ν of the reconstructed neutral pions is required to be larger than 0.8. After applying the correction of Eq. 36, the resulting asymmetry amplitudes are expected to originate from elastic (coherent), and incoherent photon production possibly including nucleon excitation.
The combined contribution to the systematic uncertainty from detector acceptance, smearing, finite bin width, and alignment of the detector elements with respect to the beam is determined from a Monte Carlo simulation using the GPD model described Table 2 The main contributions to the systematic uncertainty of extracted asymmetry amplitudes of interest, averaged over the full kinematic range. Not included is a 2.4% scale uncertainty of the beam-helicity asymmetries due to the beam polarization measurement. in Ref. [60] . Note that a mistake has been found in this GPD model [61] ; however, the model described previously reported HERMES beam-charge [22] and preliminary (singlecharge) beam-helicity asymmetries well [62] and thus is considered to be adequate for systematic studies. In each bin, the systematic uncertainty is taken as the difference between the model prediction at the mean kinematic value of that bin and the respective amplitude extracted from the reconstructed Monte Carlo data. The dominant contributions to the total systematic uncertainty are those from the detector acceptance and finite bin width. Further sources of uncertainty are associated with the background correction and a relative shift of the M 2 X spectra between the data samples from various running periods [22] . The contributions to the systematic uncertainty are added in quadrature. The main contributions for asymmetry amplitudes of interest are given in Table 2 . Not included is any contribution due to additional QED vertices, as the most significant of these has been estimated to be negligible [63] .
Results
Results on beam-charge and beam-helicity asymmetries for an unpolarized deuterium target
The asymmetry amplitudes are shown in Figs. 6-8 as a function of −t, x N , or Q 2 . While the variable x D would be the appropriate choice when presenting experimental results for pure coherent scattering, the nucleonic Bjorken variable x N is the practical choice in this case where incoherent scattering dominates over most of the kinematic range. The variables x N and Q 2 are strongly correlated due to the experimental acceptance. The 'overall' results in the left columns correspond to the entire HERMES kinematic acceptance. Figure 6 shows the amplitudes A cos(nφ) C , which are related to beam charge only, and Fig. 7 shows the amplitude A sin φ LU,DVCS , which is related to beam helicity only, and the amplitudes A sin(nφ) LU,I , which are related to both. All amplitudes are listed in Table 3 with the mean kinematic values of each bin 17 . Of special interest is the asymmetry amplitude A cos φ C , which is sensitive to the GPD H 1 (H) for the coherent (incoherent) process in HERMES kinematic conditions (see Eqs. 29 and 24) . The present data indicates that this amplitude increases with increasing −t. The amplitude A cos(0φ) C in Fig. 6 , which is expected to relate to the same combination of GPDs as does A cos φ C , shows similar behaviour but with opposite sign, as expected [15] . The other two amplitudes A cos(2φ) C and A cos(3φ) C , related to twist-3 GPDs and the gluon transversity operator, respectively (see Section 2.2), are consistent with zero.
The fractional contributions to the yield from the coherent processes and from processes with excitation of resonant final states are presented in the bottom row of Fig. 6 (see also Table 4 ), as obtained from the Monte Carlo simulation using the exclusive-photon generator mentioned in Section 4. Note that these fractional contributions are subject to considerable model dependence. Figure 7 shows amplitudes of beam-helicity asymmetries, with the charge-averaged case related to the squared DVCS term in the upper row and the charge-difference case related to the interference term in the other rows. The amplitude A sin φ LU,DVCS , which is related to twist-3 GPDs, is found to be consistent with zero. Like the amplitude A appears at twist-3 level, but nevertheless it shows a value which is non-zero and positive by 1.7 standard deviations of the total experimental uncertainty. Figure 8 shows the amplitudes that are forbidden by parity conservation but were included in the fit as a consistency test. They are consistent with zero.
The two hatched bands in Figs. 6 and 7 are theoretical calculations for the incoherent process, based on two different ansätze for modeling GPDs [64] in the VGG model [65] (the coherent process will be considered in Section 6.3.). In this model, a GPD is written as a double distribution [2, 3] complemented by a D-term [37, 38] : -In the 'factorized ansatz' (VGG Fact.), the dependences on t and (x, ξ) are uncor- Table 3 Results for azimuthal Fourier amplitudes of the asymmetries with respect to the beam charge and helicity for the exclusive sample. related. The t dependence is written in accordance with proton elastic form factors.
The (x, ξ) dependence is based on double distributions [2] constructed from ordinary PDFs complemented with a profile function that characterizes the strength of the ξ dependence; in the limit b → ∞ of the profile parameter b, the GPD is independent of ξ [66] . Note that b is a free parameter to be experimentally determined independently for valence and sea quarks. -The 'Regge ansatz' (VGG Regge) implements entanglement of the t dependence of the GPD with its dependence on x and ξ. This feature is inspired by the traditional interpretation of measurements of elastic diffractive processes in terms of Regge phenomenology [64] , and finds further support in more recent phenomenological considerations [67, 68] . This ansatz for GPDs hence uses for the t dependence of the double distributions a soft Regge-type parameterization ∝ |ξ| −α(0)+α ′ |t| with α ′ = 0.8 GeV −2 . . . 0.9 GeV −2 for quarks. Both theoretical calculations are averaged at the cross section level over incoherent processes on the proton and neutron in each kinematic bin. In both calculations the D-term is assigned the value zero. Earlier, it was found that inclusion of a D-term with any significant magnitude in the double-distribution model of Ref. [65] employing several variants of Regge or factorized ansätze with any choice of profile parameters fails to describe the BCA amplitudes measured at HERMES on a hydrogen target [22, 23] In Figs. 9-11 the overall asymmetry amplitudes as well as their −t, x N , and Q 2 dependences, measured for the unpolarized deuterium target, are compared with the analogous results obtained from HERMES data on the proton [27] .
The deuteron data include the coherent process e ± d → e ± d γ, and the incoherent process e ± d → e ± p n γ, where a nucleon may be excited to a resonance. The proton data include only e ± p → e ± p γ and the case with resonance excitation. Any difference that appears at small values of −t may be due to the coherent process. Monte Carlo simulations indicate that the incoherent process dominates for 0.06 GeV 2 < −t < 0.7 GeV 2 (see Fig. 5 ). As shown in Figs. 9-11 , the deuteron and proton results are found to be consistent in most kinematic regions. A possible difference in the last two −t bins of the amplitude A cos φ C (see Fig. 9 ) may be due to the contributions of the neutron and its resonances. evident at large −t and large x N (or Q 2 ). Such a discrepancy would have no obvious explanation. . Fourier amplitudes of the beam-helicity asymmetry that are sensitive to the interference term, in bins of −t, x N , or Q 2 , extracted from deuteron data (squares) and from proton data (triangles). The error bars (bands) represent the statistical (systematic) uncertainties, which include all sources apart from the 2.4% (2.8%) scale uncertainty for the deuteron (proton) data due to the beam polarization. The hatched band is for the deuterium target. Table 5 also includes model predictions from Ref. [38] . This model is based on double distributions, where only the polarizations of the valence quarks are considered for the nucleonic GPDs. A factorized ansatz for the t dependence of the nucleonic GPDs is employed and the strange quark contribution is neglected. Again the impulse approximation is used to combine the nucleonic GPDs, without including the particular contribution from the D-term.
All models are consistent within two standard deviations in the total experimental uncertainty with the extracted results for A sin φ LU,I,coh and A cos φ C,coh , except for models B 0 and that of Ref. [38] , which disagree with the results of A cos φ C,coh by about 3.5 standard deviations. Here, it should be noted that predictions for the real part of the CFFs are subject to delicate cancellations [15] and hence are extremely sensitive to assumptions. Table 5 Experimental and theoretical values of the beam-helicity and beam-charge asymmetries for the coherent process on the deuteron. The theoretical predictions are for variants of the models of Ref. [15, 35] and a model from Ref. [38] . The experimental uncertainties do not account for the model dependence of the simulated fractional contributions of coherent and incoherent processes. 
Summary
Azimuthal asymmetries with respect to beam-helicity and beam-charge are measured for hard exclusive electroproduction of photons in deeply inelastic scattering off an unpolarized deuterium target. The observed asymmetries are attributed to either the interference between the DVCS and the Bethe-Heitler processes or the pure DVCS process. The asymmetries are observed in the exclusive missing-mass domain −(1.5) 2 GeV 2 < M 2 X < (1.7)
2 GeV 2 . The dependences of these asymmetries on −t, x N , or Q 2 are investigated. The results from the deuterium target include the coherent process e ± d → e ± d γ and the incoherent process e ± d → e ± p n γ, where a nucleon may be excited to a resonance. For an unpolarized deuterium target, the leading Fourier amplitude of the beam-helicity asymmetry that is sensitive to the interference term is found to be substantial, but no significant t dependence is observed. The leading amplitude of the beam-charge asymmetry is substantial at large −t, but becomes small at small values of −t. The amplitudes of the beam-helicity asymmetry that are sensitive to the squared DVCS term are found to be consistent with zero. The data are able to discriminate among various GPD models.
The measured asymmetry amplitudes from unpolarized deuteron and proton [27] targets are consistent in most kinematic regions, except possibly for the leading amplitude of the beam-charge asymmetry in the last two −t bins, and the 'overall' value of A sin(2φ) LU . The beam-charge and beam-helicity asymmetry amplitudes for coherent scattering from the deuteron are extracted from the asymmetry amplitudes measured on unpolarized deuteron and proton targets. When compared to the GPD models of Refs. [15, 35] , the results disfavor a large sea quark contribution while favoring a non-zero contribution. The results disfavor the variants of the model of Refs. [15, 35] that omit sea quark contributions, and also the model of Ref. [38] .
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